In this study, we introduce an iteration method for obtaining the distribution function of the Preisach polarization-electric field (P-E) hysteresis model for piezoelectric actuators. In a previously proposed method, numerous experimental hysteresis curves were indispensable for this function. On the other hand, by using the iteration method, only one major-loop experiment is sufficient. From this distribution function, any minorloop hysteresis can be simulated by the Preisach distribution function F ði; jÞ with high resolution. First, we measured a hysteresis property of the polarization P versus input voltage V of the ferroelectric material. On the basis of this one hysteresis curve, the distribution function was obtained using the iteration method. Using this function, we could simulate the minor loops, and the simulation results showed good agreement with experimental data. #
Introduction
The hysteresis property of piezoelectric displacement is a major problem when a piezoelectric material is utilized for a high-precision-positioning actuator. Understanding and compensating for this hysteresis property is quite important. For these purposes, domain change simulations with simple models have been carried out, 1, 2) and a model with the tanh relationship between polarization and voltage was proposed. 3, 4) For a more precise simulation, A microelectromechanical model was proposed.
5) The Preisach model 6) is utilized for ferroelectric materials [7] [8] [9] in order to simulate their hysteresis effect, and applied to practical studies. [10] [11] [12] [13] [14] This model is based on the assumption that these materials are composed of simple dipoles, named hysterons, which have a dipole moment of þP sat or ÀP sat . Each hysteron changes the dipole moment from ÀP sat to þP sat at the coercive electric field E X and from þP sat to ÀP sat at E Y (Fig. 1) . Each hysteron has various E X and E Y values whose distributions are expressed as the density distribution function FðE X ; E Y Þ as shown Fig. 2 . Owing to its physical boundary condition, E X > E Y , FðE X ; E Y Þ distributes in a triangle area, as shown in Fig. 3 . The function FðE X ; E Y Þ was often defined as a digital matrix area for fitting experimental data, and then replaced with appropriate continuous function, such as Gaussian, 15) Lorentzian, 16) or some improved functions, 17) using approximation for practical simulations. Conventionally, in order to obtain the matrix for the distribution function FðE X ; E Y Þ, very many experimental data from polarization minor loops are indispensable. This process requires much time and effort, and increases measurement error. The use of neural networks, 18, 19) and the theory of fuzzy approximation 20) is proposed for the identification of the Preisach function for ferromagnetic materials. In this paper, we propose an iteration method for the distribution matrix components from single major-loop hysteresis data.
Conventional Method of Preisach Simulation
All hysterons in the ferroelectric material have two states, þP sat or ÀP sat , and total polarization is calculated as the sum of polarization of all hysterons. Therefore, the relationship between applied input voltage and polarization reversal of each hysteron is important. For simulating this polarization reversal, the distribution function FðE X ; E Y Þ is utilized as follows.
1) As an initial condition, all hysterons are considered as ÀP sat state ''downward'', which corresponds to the condition after the application of a sufficiently large minus V min input voltage. 2) When input voltage was increased from V min to a certain value V 1 , some hysterons whose E X is smaller than V 1 =d (d = thickness of sample), reverse their polarization. Such dipoles, expressed as the black area in Fig. 4 , change from downward to upward (P ¼ P min þ R black area), where P min is the total polarization under the initial condition (1). (2), it is considered the voltage decreased from V 1 to V 2 . In this process, some upward dipoles þP sat reverse to downward ÀP sat , whose coercive electrical field E Y is smaller than V 2 =d. The reversed polarization area in distribution function is expressed as the gray area in Fig. 5 . For this polarization reversal, the total polarization changes are expressed as P ¼ P min þ R black area. Therefore, in the Preisach method, the distribution function F is quite important, and this function defines the ferroelectric property of a material. Until now, this distribution function was determined experimentally as follows.
1) Define the Preisach-model function as a matrix Fði; jÞ (i; j ¼ 1; 2; 3; . . . ; N) ( Fig. 6 ).
Here, we divide the voltage range, V min to V max into N segments. The voltage step ðV max À V min Þ=N is defined as ÁV . In this matrix, Fði; jÞ ¼ 0 in j < i area because there are relationships E Y < E X between coercive electrical fields. 2) By applying a sufficient minus voltage V min to the sample, the polarizations are aligned in the downward directions. 3) As a first step, the voltage is increased to ÁV and the reversed polarization value ÁP is measured, which corresponds to Fð1; 1Þ. 4) Applied voltage is returned to the initial condition V min . 5) In the second step, the input voltage step is increased to 2ÁV , and the increased polarization is measured. This increased polarization value is equal to ''Fð1; 1Þ þ Fð2; 1Þ þ Fð2; 2Þ''. 6) The applied voltage is reduced with a step of ÁV , meaning from V min þ 2ÁV to V min þ ÁV . The decreased polarization is the same as Fð2; 2Þ. 7) The value of Fð2; 1Þ can be calculated from the previous data, (5)- (6)- (3).
8) The input voltage is returned to V min for the initial condition. 9) Similar to the above mentioned process, the input voltage is increased/decreased with the step of ÁV , from V min to V min þ kÁV (k ¼ 3; 4; . . . ; N). In each process, the elements of Fðk; jÞ are verified, and by repeating this process, all components of the matrix Fði; jÞ are obtained. This process requires N times of minor-loop hysteresis data. For the precise Preisach function, N should be large enough and many minor-loop data are required. This process requires much task, for example more than 100 measurements. Furthermore, very many experimental data also contain measurement error. This will be inconsistent with the other data.
Iteration Method for Preisach Function
The previous process requires so many minor loop measurements to obtain all elements of the distribution function Fði; jÞ. The voltage step of each minor loop measurements corresponds to the width of the distribution function step ÁV . Therefore, the required measurement number is equal to the raw number N of the distribution function.
On the contrary, we propose to calculate all values for each element from one major-loop measurement by introducing an iteration method. First, the increasing voltage part of the major hysteresis is considered.
ÁP inc ðiÞ is defined as the increased polarization value from V ðiÞ to V ði þ 1Þ. In the distribution function, this ÁP inc ðiÞ corresponds to the sum of one-column elements at i as shown in Fig. 7 , in other words,
Fði; jÞ; which is expressed as S column ðiÞ. In this way, by applying voltage from V min to V max , all S column ðiÞ (1 i N) can be obtained. At this point, each element, Fði; jÞ is unclear, but the sum of each column, S column ðiÞ is measured, which is equal to ÁPðiÞ. After reaching V max , the voltage is decreased to V min . Similarly to the increasing part, in every step ÁV , ÁP dec ð jÞ is defined as
as shown in Fig. 8 . Again, this value is expressed as S row ð jÞ. Namely, from one major-loop measurement, we can obtain only 2N data, S column ðiÞ (1 i N) and S row ð jÞ (1 j N) . In the increasing and in the decreasing applied voltage, the total polarization change is the same because the major loop closes up. Therefore, P i S column ðiÞ ¼ P j S row ð jÞ ¼ P total , where P total is the total change in polarization. From these S column ðiÞ and S row ð jÞ, all element data, Fði; jÞ are calculated as follows.
In the proposed iteration process, F try ði; jÞ is treated, whose matrix is modified step by step. Our goal is to find the function of F try ði; jÞ that satisfies the following equations: ( j i), 0 (i < j).
< :
The valid element area in the distribution function is ( j i), and the valid element number is NðN þ 1Þ. However, the modified F try next ði; jÞ is not suitable for S column ðiÞ. In these two steps, row data and column data change; therefore, the distribution function F try ði; jÞ is slightly close to the target function Fði; jÞ. By repeating these processes, the residual between F try ði; jÞ and Fði; jÞ in all i and j is unspread to zero. Figure 9 is a photograph of a ferroelectric sample, soft-type PZT, used for the experiment (Nihon Ceratec TypeD). For the measurements of the polarization reversal, the ferroelectric test system (Radiant Technology precision LC with high-voltage interface) was used. The voltage was increased from À500 to +500 V, and then decreased to À500 V with a triangular shape in 1 s. During this major-loop measurement, the polarization values at every 10 V step were measured (Fig. 10) . The scales of the polarization for the simulation and experiment were adjusted so that they fit in the range from À0:5 to +0.5. This step voltage increase corresponds to ÁV . With this ÁV increase at V , the experimental polarization reversal value was obtained in one major hysteresis measurement as the sum of a column in the distribution function. Polarization data P inc ðiÞ (i ¼ 1; 2; 3; . . . ; 101) were calculated from the data that were taken during the increase in voltage, and then converted to ''polarization difference'' data, ÁP inc ðiÞ ¼ P inc ði þ 1Þ À P inc ðiÞ (i ¼ 1; 2; 3; . . . ; 100). In the same way, ÁP dec ð jÞ is calculated from the polarization data when decreasing the voltage. From the increasing part of the major hysteresis curve (Fig. 11) , only 100 increasing polarization data are taken. Similarly, from the ''decreasing'' voltage measurement (Fig. 12) , only one row components can be measured. Briefly, from only one major hysteresis measurement, only two row data arrays, 200 data are obtained. By just using those data, all matrix components (5500) must be calculated.
Experimental Sample and Evaluation Condition for the Simulation
The various numbers of repeating iterations were examined. For this study, we used the simplest initial condition, a uniform distribution, and the number of iteration was set to 500 times so that the residual becomes small enough. Using the calculated distribution function, the minor-loop hysteresis was simulated correctly and these simulation results could be compared with the experimental result as shown later.
Result of the Simulation and the Experimental
Data of Minor-Loop P -E Hysteresis Figures 13 and 14 show the polarization differences, ÁP inc ðiÞ and ÁP dec ð jÞ, respectively, which were calculated from the one major-loop experimental data. Figure 15 shows the distribution function obtained by the iteration method using ÁP inc ðiÞ and ÁP dec ð jÞ. The upper graph of Fig. 16 shows ÁP inc ðiÞ, P i j¼1 Fði; jÞ, and residual inc ðiÞ ¼ ÁP inc ðiÞ À P i j¼1 Fði; jÞ after the iteration. The lower graph of Fig. 16 shows ÁP dec ð jÞ, P N i¼j Fði; jÞ, and residual dec ð jÞ. In both graphs, the sum of each column and row data fit well ÁP inc ðiÞ and ÁP dec ð jÞ respectively, and the residual was small enough. Using the calculated distribution function, we simulated minor-loops and compared with the experimental data as shown in Fig. 17 . The simulated loops indicated by dotted lines show a good agreement with the experimental data indicated by solid lines, except for the loop up to 200 V and the loop up to 100 V. A voltage of 200 V is almost same as the peak of the distribution function, which means that many polarizations reverse at this point. Therefore, a small voltage difference results in a large polarization. Another possible reason for the difference for this loop is that the polarization of the experimental data increases even after decreasing the voltage. This is considered to be a creep, because the loop data were taken in a period of as long as 1 s. From the other point of view, the polarization situation at this voltage is considered to be unstable because 200 V is close to the coercive voltage. The polarization jump observed in the simulation curve for the loop up to 100 V due to the limitation of the iteration method. In the distribution function (Fig. 15) , the lack of the density in the upper-left part from the main peak causes the jump. Further modification of the iteration algorithm may be necessary to improve the simulation data.
Conclusions
We proposed an iteration method for calculating the distribution function using data from one major polarization hysteresis curve. As expected, the distribution function was successfully obtained and the Preisach model could simulate the minor-loop P-E hysteresis of a ferroelectric material. The results of the minor-loop simulations showed good agreement with the experimental data. For this method, only data from one major-loop hysteresis are necessary, which is different from previously proposed methods that required many minor-loop experimental data. Owing to its simple and easy process, the proposed method can contribute to understanding the domain motion inside ferroelectric materials through a precise simulation model.
